We have discovered a new mechanism for passive Q switching of f iber lasers. 10-kW peak power pulses with ϳ2-ns pulse widths are reported from a diode-pumped ytterbium-doped f iber laser. The laser generates a high-brightness Raman-dominated supercontinuum spectrum covering the complete window of transparency of silica f iber in the infrared from 1.06 to 2.3 mm © 1997 Optical Society of America Fiber lasers and amplif iers have great potential for many applications in different areas of technology. Neodymium-and ytterbium-doped silica fiber lasers operating near 1 mm as well as erbium fibers at 1.5 mm have been among the most successful fiber lasers.
Fiber lasers and amplif iers have great potential for many applications in different areas of technology. Neodymium-and ytterbium-doped silica fiber lasers operating near 1 mm as well as erbium fibers at 1.5 mm have been among the most successful fiber lasers. 1 Various conf igurations of cw, mode-locked, Q-switched, or single-frequency lasers have been reported, offering a large variety in performance characteristics. Apart from the use of active fibers as the gain media in conventional conf igurations based on concepts developed for bulk lasers, it has appeared that the unique and rather special properties of fiber lasers, such as the high single-pass gain and numerous nonlinear effects in optical fiber waveguides, have yet to be exploited in novel conf igurations of fiber lasers.
Until recently, the development of fiber lasers for the generation of high-power nanosecond pulses in the kilohertz repetition rate range has been concentrated mainly on the traditional approach of an active Q switch. However, these sources, which lose the allfiber format, do not offer enough f lexibility in the output characteristics and have not been able to generate relatively high peak powers. Recently considerable progress has been achieved in high-power and higheff iciency diode-pumped fiber amplifiers. As a result, the application of a pulsed laser diode as a master oscillator in conjunction with a fiber power amplifier (the so-called MOPFA configuration 2 ) has brought a new generation of practical and attractive sources.
We report a novel and unique operation of a self-Q-switched fiber laser. The principle of operation exploits distributed backscattering in the fiber as a passive Q-switching mechanism. High-peak-power pulse generation is achieved in both Er and Yb lasers by the use of simple, passive, and all-fiber conf igurations. The generation of pulses with the peak powers in excess of 10 kW is reported from a single-mode Yb-doped silica fiber laser, resulting in a supercontiuum spectrum generated primarily through cascaded Raman scattering.
Two principal experimental conf igurations of the laser are illustrated in Fig. 1 . The laser cavity is formed by a Yb-doped silica fiber with a length ranging from 2 to 20 m, depending on the pump power and the doping concentration. The laser was pumped at ϳ910 or ϳ975 nm by a Ti : sapphire laser or laser diodes.
The pump could be coupled into the fiber directly through a dichroic mirror or through fiber couplers. In the first setup, shown in Fig. 1(a) , feedback into the laser cavity is provided by butt coupling the fiber end to a high-ref lecting (HR) mirror at the lasing wavelength from one side. All-f iber mirrors based on 3-dB couplers or on fiber Bragg gratings were also used as HR mirrors in the conf iguration shown in Fig. 1(b) . Using 4% Fresnel ref lection from the fiber output facet with a perpendicular cleave, the laser operated generally cw or exhibited relaxation oscillation pulsation. A maximum slope eff iciency of ϳ70% was achieved in this laser, comparable with the results reported earlier for cw Yb-doped silica fiber lasers. 3 As much as ϳ1.2 W of cw output power could be obtained for 2.5 W of pump power from the laser. The laser could operate in the range from ϳ1.04 mm to ϳ1.12 mm, depending on the composition of the Yb fiber and the spectral selectivity of the HR mirror. By suppressing the feedback into the laser cavity from the output fiber end by cleaving it at an angle of ϳ10-ϳ20 ± , we observed occasional and rather irregular generation of giant pulses. The pulsation could be stimulated by addition of another piece of single-mode undoped fiber to the output. Typically a few meters of extra fiber, which gave rise to additional backscattering, was suff icient to yield enhancement of the extreme pulsation. These observations suggested the presence of a strong, passive Q-switching mechanism associated with distributed backscattering. Furthermore, when a ring interferometer was used instead at the output end [ Fig. 1(b) ], quite regular, short, and intense pulses were observed with no cw intrapulse signal. The ring interferometer employed was formed by a directional fused coupler with a coupling ratio of ϳ8-ϳ10% and a fiber of length ϳ2-ϳ5 m.
The observed pulsations were quite distinct from the relaxation oscillations often seen in fiber lasers. In the transition from relaxation oscillation to Q switching, the repetition rate was significantly reduced, and the pulses became much shorter and consequently much more intense. Typically, the repetition rate decreased by at least a factor of 3-4 while the pulse duration decreased by a few orders of magnitude.
Oscilloscope traces of the Q-switched laser output detected with a germanium photodiode are shown in Fig. 2 . The repetition rate of the laser was typically in the range of 1-20 kHz. The pulse duration was measured to be shorter than 2 ns. Secondary subpulses were always present within ϳ50 ns of the principal pulse. The pulse shape did not depend on the pump power at all. An increase of the pump power resulted in an increase of the repetition rate, such that the repetition rate was linearly proportional to the output power. The typical ratio between the repetition rate and the average output power was ϳ20 kHz͞W, with a maximum output power of ϳ1 W achieved. Similar features in the pulse shape, such as an intense ϳ2-ns first pulse accompanied by subpulses, have always been observed to be independent of doping concentration and of the length of the different Yb-doped fiber samples employed. The observed behavior suggested that the pulse parameters were determined mainly by the physical mechanism of the Q switching rather than by the particular laser conf iguration.
The repetition rate of the pulse train was not quite stable, with a f luctuation of the period of as much as 10% from pulse to pulse. In addition, the laser experienced occasional switching from one repetition rate to another relatively close rate, typically accompanied by a change of the operational wavelength. In diodepumped systems a quite stable repetition rate was achieved [ Fig. 2(b) ]. The use of a narrow-bandwidth, spectrally selective ref lection with, for example, a fiber Bragg grating as a HR mirror in the conf iguration [ Fig. 1(b) ], was also found to stabilize the repetition rate. Enhanced stabilization of the repetition rate was achieved by modulation of the pump power in resonance with the repetition rate. 4, 5 The output average power in Q-switched operation was normally 80 -90% of that of the cw lasing power obtained with a 4% output ref lection for the same pumping rate. The power extraction of this Q-switched laser was efficient, and the majority of the energy was concentrated in the most intense, shortest pulse. The pulse energy was estimated to be ϳ50 mJ, resulting in peak powers exceeding 10 kW. With such a high power in single-mode fiber the power density reaches a few tens of gigawatts per square centimeter, which is suff icient to generate a Raman supercontinuum in only few meters of fiber. Figure 3(a) shows the spectrum generated at the output of a diode-pumped Yb-f iber laser with an average output power of 450 mW. The fundamental lasing wavelength is ϳ1.06 mm; however, most of the energy is converted into the supercontinuum spectrum covering literally the complete window of transparency of silica fibers in the infrared up to 2.3 mm. The first three Stokes orders in the cascaded Raman process are clearly seen in the spectrum. They are shifted by ϳ440 cm 21 corresponding to the maximum of the Raman gain. Similar spectra were observed in first experiments on Raman scattering in optical fibers by coupling a high-power Q-switched Nd : YAG laser into silica laser. 6 This effect has been extensively studied and explained in the literature (see, for example, Ref. 7, and references therein). Nevertheless, the significance of the obtained result is that such a broad spectrum is now generated from a totally passive, compact, and diode-pumped all-f iber laser.
The combination of a broad spectrum and high peak power at the output of a single-mode fiber can be ex- ploited for frequency doubling and generation of tunable radiation in the visible. Using an unoptimized 5-mm long LiIO 3 frequency-doubling crystal employing angle phase-match tuning, we generated visible light with continuous tuning from green to deep red. Even a small amount of blue light was produced as a result of doubling of the weak spectral 850-1000-nm band. Figure 3(b) shows the output spectrum on a logarithmic scale from 0.35 to 1.75 mm. By examining this spectrum one can identify most of the nonlinear phenomena that occur in silica optical fibers. The 0.85-1-mm spectral band occurs as a result of parametric interaction or four-wave mixing, while the peak near 0.35 mm corresponds to third-harmonic generation in one of higher-order modes where phase-matching conditions are satisfied. There are a few lines in the visible associated with second-harmonic generation of the intense infrared Raman lines owing to a photoinduced x 2 grating (Ref. 7, pp. 435-444, and references therein).
Although a detailed quantitative description of this Q-switching mechanism is beyond the scope of and the available space in this Letter, we believe that the qualitative picture of the process can be explained by the following simplif ied model, which is supported by numerous experimental observations. This qualitative picture also agrees well with a theoretical and numerical model that we recently developed and will be described elsewhere. There is clear experimental evidence that the mechanism involves a distributed backscattering, which in fiber can be associated with Rayleigh and Brillouin scattering. At the beginning of the cycle the pump provides a buildup of the population inversion. The gain gradually increases; however, cw lasing is completely inhibited because the ref lection off the output coupling facet is suppressed by the imposed angle. Feedback into the cavity can be provided by the distributed Rayleigh scattering in either the linear or the ring interferometer geometry. The ring interferometer coherently accumulates the energy at its resonance frequencies and effectively increases the intensity of the scattered light in these modes. In addition, those modes of the ring interferometer that overlap the modes of the main laser cavity are amplified as they pass through the Yb fiber and couple back into the interferometer. Although the Rayleigh scattering coeff icient of the loop is rather low, the double-pass dynamic gain of the fiber amplif ier is suff iciently high that laser threshold can be achieved. Hence the laser reaches threshold for one or a few resonant modes at the maximum of the gain. The lasing power builds up rapidly and the linewidth narrows under the effect of the Rayleigh scattering. The lasing modes are in resonance with the modes of the ring interferometer, resulting in energy storage in the ring until stimulated Brillouin scattering (SBS) reaches threshold. The loop then works as a SBS cavity with resonant pumping. The SBS provides a strong feedback into the laser cavity in the form of a short SBS relaxation oscillation pulse. This is equivalent to an increase of the cavity's Q factor by a few orders of magnitude during a short period of time. The generated pulse passes twice through the highly inverted fiber laser, experiences extremely high dynamic gain, and extracts most of the energy stored in the Yb fiber. Qualitatively this pulse formation scheme is supported by the experimental characteristics of the output pulse. A very low intensity prelasing signature, ϳ2 orders of magnitude in intensity, 30-40 ns in advance of the principal Q-switched pulse is observed. In addition, as can be seen from Fig. 2(a) , a secondary echo pulse is also present, delayed by ϳ20 ns from the main Q-switched pulse. This is a characteristic hypersound lifetime in silica fibers, and such relaxation oscillations are typical for dynamic SBS. 8 A similar configuration has been successfully applied to Q switching of an Er-doped fiber laser. Although the performance of the Er laser is similar to that of Yb, the generated pulses are typically considerably longer and less intense and are below the threshold of the Raman continuum generation inside the laser cavity.
In conclusion, we have demonstrated a novel, passively Q-switched fiber laser that can be applied to both Er-and Yb-f iber lasers. More than 10-kW peak power in a nanosecond pulse has been generated from the Yb laser, which we believe is the highest power ever been generated directly from a single-mode fiber laser. The laser generates a supercontinuum, high-brightness white-light spectrum covering the complete window of transparency of silica fiber in the infrared. A compact, diode-pumped prototype has been demonstrated, making this type of laser suitable for many practical applications.
